Nitrification enriches terrestrial soil waters with nitrate, and other solutes also leach rapidly (within hours to days after saturating rain) through Guam's northern karst plateau into a largely unconfined carbonate aquifer system. Nutrient chemistry and discharge of these enriched aquifer waters into the inter-and subtidal zone was measured to evaluate the importance of this flux to the coastal nutrient regime of the island. Aquifer waters mix with seawater in the coastal transition zone, produce about a 10% seawater mixture, and leak year-round through cracks and fissures and from seeps in beaches around the entire perimeter (57 km) at rates of 2.2-l 10 m3 (m of shoreline)-' d-l (avg, 5.1 m3 m-l d-l). The theoretical maximum rate can average 14 m3 m-l d-l, which is equal to net annual aquifer recharge. At the shoreline, the discharged aquifer waters average 3.14?& salinity, 96+2 1 PM N03-, 2826.8 /IM Si, 0.85kO.26 PM P, and 0.18_+0.19 PM Fe (n = 238). Deep seawater under the aquifer averages 33.87~ salinity, 8.5k2.1 PM NO,-, 7.2+ 1.8 PM Si, and 0.0510.04 PM Fe (n = 47). The aquifer system can potentially discharge 1,340, 390, 12, and 2.5 pmol m-2 d-l of N03-, Si, P, and Fe out to a distance of 1 km from shore, which enriches surface seawater by about 20 times the ambient concentration per day. In general, natural flux of nutrients in aquifer waters from tropical carbonate islands will increase as a function of island diameter, aquifer recharge, head, the thickness of the soil layers in which remineralization occurs, and as the acquisition of solutes from subterranean volcanics above sea level increases.
The importance of the discharge of groundwater to the chemical regime of coastal waters is well known (Wentworth 1942; Emery 1962; Manheim 1967 ) and the ecological ramifications have been summarized (Johannes 1980) . This phenomenon has been investigated in several geological settings and shown to be locally important in nutrient budgets as well (Valiela et al. 1978; Faillat 1990; Giblin and Gaines 1990; Turner 1990 ). In the tropics, nitrate-rich aquifers can significantly affect the N budgets of reef systems (D'Elia et al. 198 1; Lewis 1987; Bienfang 1980; LaPointe et al. 1990 ).
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A contribution of the University of Guam Marine Laboratory.
Unlike aquifer systems on atolls or low islands, the Ghybcn-Herzberg aquifer of Guam is large enough (at least 134 km2) that it does not display significant fluctuations in either volume or head between seasons or if, for example, recharge were hypothetically eliminatcd for a few years (Mink 1976; Contractor et al. 198 1) . In some test wells, the pycnocline occurs at depths of 65 m below msl. Further, in contrast with other areas, the nutrients in Guam's aquifer are derived from otherwise negligible losses from naturally driven terrestrial biogeochemical cycles (Matson 199 1 a) . In the rain-saturated lateritic soil veneer, dissolution of Si, Fe, and organic P, as well as the production of NOx (i.e. N03-+ N02-), occurs rapidly and these solutes percolate through the limestone to the aquifer and are delivered within hours to days to coastal waters that are kilometers away.
Here I report the results of studies of the nutrient chemistry of wells, beach seeps, and coastal pore waters; rates of aquifer discharge through beach seeps, sediments, and fissures; the subsequent enrichment of coastal surface waters; and the potential for enrichment of subsurface waters nearshore due to deep exchange of subaquifer seawaters that are also enriched with soil-derived solutes. 
Materials and methods
Study area-Guam (535 km2) is in the southern Mariana Islands, north of the intertropical convergence and in the southern region of the westerly trade winds (Fig. 1) . The northern half of the island is a broad, flat, uplifted, carbonate plateau that rises from 66 to 190 m as1 to the NE and has no rivers. The southern half is volcanic with numerous rivers, small patches of carbonate above sea level, and rises to 400 m asl. The narrow (lo-300 m) littoral zone is dominated by emergent, Holocene limestone pavement with bench and platform reefs extending around almost the entire periphery of the northern plateau; it is bordered to seaward by a massive algal ridge or reef crest. The Holocene limestone was exposed about 3,000 B.P. during the last sea-level transgression (Randall and Siegrist 1988) . Waters are either too turbulent or too shallow (or both) to allow significant amounts of sediment model of an unconfined aquifer are h, freshwater head as1 (1/40th ofthe depth of freshwater below msl) and x, distance inland from the coast. The figure is drawn with hypothetical volcanic constraints to one side of the aquifer to depict acquisition of subterranean solutes by percolating soil water.
to accumulate between shore and the coralalgal ridge crest. Seaward of the crest, depth increases rapidly offshore at about a 50" slope to either the Mariana Trench (southeast) or Trough (west). Within 2 km of shore, depth is at least 180 m or -80 m deeper than the seasonally eroded pycnocline (Lassuy 1979) .
Rainfall at Guam averages 2.25 m yr-l, most of which occurs in the June-December rainy season. In the northern province, thin (lo-50 cm) lateritic soils are alternately soaked and dried over sometimes daily cycles, but can remain saturated for several weeks during the rainy season. Free-living and symbiotic N fixers are abundant in the terrestrial soils, and gross NH,+ oxidation is sufficient to produce 27 mol NOx m-2 yr-l (Matson 1991a, unpubl.) .
Estimates of groundwater Jlux to the coastal zone-Along the northern coast, aquifer waters leak out at sea level through beach seeps and, most obviously, from discrete fissures and cracks in the vertical limestone cliffs. These are generally transition (mixing) zone waters (Fig. 2 , adapted from Mink 1976). Beaches and moats are underlain at -5-50-cm subbottom by Pleistocene reef platform out to the reef crest. This "concrete" substratum makes it very difficult to install water-collecting devices into the patchy sediment. It takes several hours to find a site where a pore-water sampler (described below) will penetrate 30-50 cm of the coarse sediment without encountering either the old reef platform or large fragments of Ac-ropora. This situation precluded the use of seepage meters to measure groundwater flux through sediments and relict platform. Worse, aquifer water generally flows out from discrete but poorly distinguished cracks and fissures in the bottom of moats. Aquifer flux was therefore measured and calculated in various alternate ways (Giblin and Gaines 1990) .
First, aquifer infiltration of moat sediments was obtained from estimates of Cl-diffusion in the sediments. The net apparent diffusion coefficient (D,, 0.26+0.20 cm* d-l, n = 6) for Cl-in Tumon Bay sediments was calculated from experiments with aquifer water applied to the supernatant of intact, 30-cm-long Tumon Bay cores, following Krom and Berner (1980) . This coefficient was then applied to pore-water Cl-profiles and to Cl-gradients maintained in permanently installed time-series samplers to solve the simple Fickian model Third, weirs, coffer dams, wood and plastic channels, and other contraptions were also used at large seeps to attempt to corroborate Emery's (1962) estimates of aquifer discharge along Tumon Bay. To provide a maximum theoretical rate, T also assumed discharge to be equal to net recharge of the aquifer and used rainfall : runoff ratios for the southern rivers (Matson 199 16) to estimate evapotranspiration.
Water sampling and analysis-Pore waters in the top 40 cm of sediment in Tumon Bay were sampled with a sediment spear with inA take frits at the point. The spear was inserted at five sites on a 180-m transect normal to shore and pore waters from -5-cm intervals were withdrawn directly into 60-cm3 syringes. The waters were immediately filtered through seawater-rinsed Millex-GS 0.22-pm filter cartridges into another syringe to receive and store the filtrate and to protect it from air. The samh ples were then returned to the Marine Laboratory, refrigerated, and analyzed within 24 h.
Chloride and NOx gradients due to aquifer infiltration of the sediments of Tumon Bay also were studied with permanently installed soil moisture samplers that have -5-pm-diameter holes in the porcelain end caps. These samplers were chosen over other types such as flux boxes or seepage meters with collapsible collectors because of the coarse texture of the sediments and the common occurrence of coral fragments, both of which prevent the box edges from penetrating the sediment and sealing without leakage.
The samplers were sealed with two-holed, butyl rubber stoppers through which glass tubd ing was inserted. Two lo-cm-long pieces of aquarium tubing were attached to the external ends of both glass tubes which were then sealed with pinch clamps. Aquarium tubing was also attached to the ends of the glass tubing inside the samplers, one piece of which extended down into the porcelain cup for subsequent withdrawal of sample. The samplers were cleaned with a bottle brush in surface water, filled with aquifer water (65 mM Cl-, 114 PM NOx) from a Tumon Bay beach seep, and immediately installed in pairs to a depth of 20 cm at 50, 100, and 150 m from shore. For a month thereafter, 20-ml subsamples (-10% of sampler volume) were removed on nine occasions (at 2-4-d intervals) into 20-cm3 syringes. Simultaneously, withdrawn sample volume was replaced with super-dry N, through the second external tube. These samples were processed immediately as described above. All other coastal and beach-seep water samples were collected in LPE bottles that had been rinsed several times on site with ambient water and treated similarly.
Samples of aquifer waters were taken for 2 yr from constantly flowing beach seeps in Tumon Bay and at Tarague. Samples were also taken from three wells at the Guam Aquaculture Demonstration and Training Center (Fadian) which pump water that is slightly brackish from an elevated cave (here called the freshwater well; -50 mM Cl-or 3.2%0), -50% seawater from 2 to 20 m below msl, and almost full-strength seawater (-32-347~) from -25 m below msl 25 m inshore. The three wells were usually sampled on the same day or within l-2 d of the Tarague and Tumon Bay beach seeps for 1.5 yr. Daily samples were sometimes taken during and after typhoon rains. Also, during calm oceanic conditions, several suites of samples were obtained from the otherwise inaccessible cracks and fissures along the periphery of northern Guam. Nitrate plus nitrite (NOx, NO*-was rarely detected above 0.05 nM) were analyzed by the spongy Cd-shaking method (Jones 1984) , Si and reactive P (RP) with molybdate (Parsons et al. 1984) , Fe with Ferrozine (Murray and Gill 1978) , and Clwith a Haake-Buchler digital chloridometer (t-0.9% or & 0.3 lo/o0 salinity relative precision).
Results
Distribution and volume of the aquifer waters-Ofthe entire 256 km2 ofnorthern Guam, the Public Utilities Agency of Guam (PUAG) estimates that 176 km2 is underlain by potable water, 134 km* (76%) of which floats on seawater. The remainder is apparently perched on volcanic basement above sea level. PUAG also provided drilling log data from wells in northcentral Guam, some of which are reproduced in Fig. 3 (redrawn from Contractor and Srivastava 1989) . These show the position of haloclines at 125 m below msl (X = 48 m). In most cases, the salt gradient is very steep which implies that the inland transition zone is quite stable. However, the depth of these stable pycnoclines has been observed to fluctuate seasonally; some of them rise in late fall toward the end of the wet season and drop by as much as 5 m by the end of the dry season with much less change in head (Contractor and Srivastava 1989) .
The volume of potable aquifer waters therefore averages 48 m x 176 x lo6 m2 or -8.4 x log m3. For this 176-km2 area, the aquifer volume is 2 1 times greater than rainfall (2.25 m yr-') and 42 times recharge (Matson 199 1 a) .
On the basis of calculations such as these, others have stated that the yield of potable water would not be affected by a complete lack of rainfall for several years (Contractor et al. 198 1) . Also, observed changes in pycnocline depth imply that the underlying seawater must induce continuous hydrostatic adjustments to head so that head remains relatively constant as seawater lifts a progressively (seasonally) lighter aquifer mass, and discharge of aquifer waters at the coast remains constant, regardless of these slight changes in aquifer volume. In this case, the assumption that aquifer discharge and recharge are equal is reasonable: head in an unconfined aquifer must have an upper limit above which there can be no net increase in the volume of the aquifer. Further, no diel or seasonal changes in discharge from beach seeps have been observed.
Chemistry of aquifer waters-Nitrate and silica in the seawater well at Fadian (Fig. 4) were much less variable than in either of the other two wells. The Cl-content of the brackish well was quite variable in comparison with that of either the fresh or seawater wells, mostly due to the fact that the brackish water is drawn from the transition zone. There were no obvious seasonal trends, although in the brackish well it appears that Si and Cl-decreased and increased, respectively, toward the end of the study. Daily changes in well water do occur and are presumably due to rainfall events that oversaturate the soils (Table 1) . Conductivity changes are great in comparison with Si, the levels of which are determined more by local soil thickness and underlying basalt than by the amount of rain in the wet season. Nitrate changes are less than those of conductivity or Si. These overall daily changes are in some cases greater than seasonal ones, and, in fact, may be equivalent to changes that occur hourly during and after heavy rain (Matson and Collins unpubl.) .
Chemistry of coastal seep waters-The concentration of NOx in the beach seep waters at the Blue Lagoon site in Tumon Bay ranged from 75 to 144 PM over a year (Fig. 5) . NOx and Cl-fluctuated widely and quickly after heavy rains associated with typhoons (days 230,290-3 10, and 460). Chloride changed seasonally and was lowest in the wet season (days 200-350) and highest in the dry season (before day 200 and after day 350), On the north coast, seep waters at Tarague Beach (Fig. 6) were routinely less salty than those at Fadian or Tumon Bay and contained less nitrate.
The differences among these sites imply that discrete, isolated aquifer subbasins occur, each having a unique chemical signature (Table 2) . The strong linearity indicates that conservative mixing of aquifer waters occurs in the transition zone rapidly and thoroughly. A summary of the chemistry of all these waters is given in Table 3 Chemistry of sedimentary pore watersWithin the first 5 d after installation in Tumon Bay, both NOx and Cl-content in the samplers equilibrated rapidly with adjacent pore waters. NOx decreased until day 6 after which there was no detectable concentration gradient between these 20-cm pore waters and bottom waters (Fig. 7) . Cl-, however, increased rapidly in the pore-water samplers but, for the remaining 3 weeks, maintained a gradient of + 2-4 pmol cm-4, which is equivalent to a 40-80 mM (2.5-5.09&o) difference over 20 cm. The rapid removal of nitrate implies assimilatory and (or) dissimilatory nitrate uptake, probably induced by restricted pore-water movement in the samplers. However, as shown below, this does not usually occur in the bulk sediments because of their coarse nature and the rate at which these waters percolate.
Representative pore-water profiles of NOx and Cl-in five separate cores taken over a 180-m transect of Tumon Bay are shown in Fig. 8 . Cl-content was lowest and nitrate was highest in the pore waters 10 m offshore. At 180 m from shore, pore waters still had slightly less Cl-than full-strength seawater (550 mM). Nitrates in these top 40-cm sediments usually behaved conservatively with respect to Cl- (Fig. 9 ).
Aquife discharge rates-Average aquifer discharge was calculated in several ways that are summarized in the water budget in Table  4 . To evaluate these data, it must be kept in mind that theoretical, steady state average discharge should not be greater than net annual recharge of 290 column. If these are integrated over the proximal 100 m of the moat (in which pore-water Cl-depletion is observed), subtidal seepage ranges from 2.0 to 5.6 m3 m-l d-l (40-120 x lo6 m3 yr-', or 14-4 1% of net aquifer recharge). Fickian model solutions of the lo-and 50-m pore-water Cl-r data give an estimate of input of 3.8-6.2% of overlying water volume per day, or 7.4-12 m3 m-l d-l (160-260 X lo6 m3 yr-l, or 53-90% of net aquifer recharge). The average of these four data sets is 6.8k4.2 m3 m-l d-l or 140 x lo6 m3 yr-l for the entire 57-km perimeter of Guam (48% of net recharge, Table 4 ). These estimates of leakage are similar to those (4.2-9.7 m3 m-l d-l) obtained with seepage meters in Barbados by Lewis (1987) . Although the pipe in the Fadian brackish well has intake holes at several levels between 2 and 20 m below msl (note chemical variation, Fig. 4) , "average" water is pumped from the center holes at -10 m below msl. Thus, head is l/4 1 times 10 m, or 0.24 m, and ranges from 0.049 to 0.49 m. With a head of 0.24 m (as an annual average), and k assumed to be 100 m d-r, q = 4.7 m3 m-l d-l, or 98 x lo6 m3 yr-' (34O/ f o o net recharge, Table 4 ) for the entire 5 7,000-m perimeter.
At experimental wells drilled about 5 km inland (Fig. 3) , head ranges from 2 to 3 m above msl (Contractor and Srivastava 1989). At these inland sites then, a head of 2.5 m and an x of 5 km from the coast, q is 2.6 m3 m-l d-'(53 x 106 m3 yr-l; 18% of net recharge). In addition to the mechanisms above, tides may in fact affect head at some sites. If average tidal range at Guam (0.7 m) is added to the existing head of 0.24 m at Fadian, q increases to 72 m3 m-l d-l, but this is 5 times greater than the theoretical maximum.
Nutrient flux to the coastal zone-Mass flux calculations for the nutrients are presented in Table 5 . These fluxes are based on discharge per linear meter of shoreline out to a distance of 1,000 m from shore where the waters are -100 m deep; it is the average depth of the seasonal thermocline and the approximate limit of massive coral community development. To then calculate the enrichment of these waters, I have divided the data by 50, which is the median depth over this l-km transect, Table 5 . Summary of daily nutrient tlux to the proximal 1 km of the coastal zone with nutrient data from Table  3 and discharge rates from 4.9(0.10) 94(1.9) 3.4(0.07) 52(1.0) 1.9(0.037) 1 OO (2) 6.7(0.13) 
Discussion
Nutrients in the aquifer-Carbonate aquifers are often rich in nitrate and other nutrients that may be supplied by sewage or fertilizers (Kreitler and Browning 1983; Wells and Krothe 1989; LaPointe et al. 1990) or by natural N-cycle activity (Matson 199 1 a) On the windward (northeast) side of Guam, more basaltic material occurs at and above sea level within the massive karst framework. The basalt above sea level reduces the amount of aquifer area on the northeast coast relative to that on the leeward (northwest) coast. The greater range in salinity and higher nitrates of leeward coastal waters in comparison to the northeast (windward) coast may be due to this increased amount of aquifer water that is discharged to leeward, which together with downwelling along the windward coast, results in lower nutrient contents near that shore (Matson 1991b) .
Aquifer discharge mechanisms-That carbonate platforms leak waters enriched with soil solutes is well known. In the Caribbean and the Bahamas, nitrate-rich groundwaters percolate up through coastal sediments (D'Elia et al. 1981; Lewis 1987; LaPointe et al. 1990 ). Groundwaters also discharge along the terminal moraine of southern New England (Capone and Bautista 1985; Giblin and Gaines 1990) and farther offshore (Manheim 1967) .
On limestone platforms, discharge from an unconfined aquifer (i.e. one that floats on seawater) is regulated by head and occurs through cracks, fissures, and beach seeps in the intertidal area above the transition zone. Head in turn is regulated by a combination of recharge, density differences between freshwater and the underlying seawater, and steepness of the pycnocline in the transition zone (Wentworth 1942; Contractor et al. 198 1; Bokuniewicz and Pavlik 1990) . The pycnocline can be diffuse in turbulent areas or well structured in calm ones (Oberdorfer and Buddemeier 1985) . In other geologic settings as well, head can fluctuate tidally, seasonally, and interannually (Contractor et al. 198 1; Bokuneiwicz and Pavlik 1990; Capone and Slater 1990) , and the fluctuation is a function of aquifer diameter and depth. Leakage from aquifers of all sizes occurs in the intertidal zone along beaches and can be realistically modeled and normalized to cubic meters per meter of shoreline.
Holocene wave-assaulted limestone cliffs occur at the shoreline. Discharge here is also controlled by head, but the water flows out through cracks and fissures elevated above sea level-in some places like small waterfalls. In this case, percolating rainwater probably discharges directly to the coast along relatively impervious layers in cemented limestones, and thus resembles a somewhat perched aquifer. Direct measurements made at sites such as these can be misleading, however. For example, Emery (1962) measured flow rates at several intertidal beach seeps where the Table 1 data were obtained. He reported average flows of 0.042 m3 s-r (3,600 m3 d-l) over -46 m of shoreline (79 m3 m-l d-l, or 1,600 x lo6 m3 yr, which is 5.5 times net recharge, Table  3 ). I used weirs, 2 x 4s with plastic sheets, coffer dams, and several other unwieldy contraptions at several of his Tumon Bay sites and essentially corroborated his data. At some seeps, rates as high as 110 m3 m-l d-l (2,300 x lo6 m3 yr-I) were observed. Obviously, the rates at these seeps cannot represent average flux from the northern plateau because the volumes are much too large. Thus, leakage from high volcanic islands such as Guam is not uniformly distributed around its periphery. Alternately, simple models can be tested with nearshore concentration data once coastal water movement is known. However, there is no real average or uniform output per meter of shoreline nor a single discharge mechanism; measuring and averaging the flow at virtually thousands of individual sites is unrealistic. A simple conceptual model can approximate the impact of nutrient flux from an unconfined carbonate aquifer on tropical islands (Fig. 10) . Evapotranspiration might reduce recharge to -50% of rainfall. The volume of aquifer recharged is a function of the effective diameter of the island, and volume increases exponentially with island area. Leakage per linear meter of shoreline is therefore a function of the circumference, and a first-order estimate of nutrient flux is easily obtained from these morphological parameters. In the absence of pollution inputs, the amounts of nutrients exported are largely determined by the thickness of the soil that overlays the carbonate platform and in which remineralization occurs. Sustained drinking-water yield data from various islands can be used together with aquifer chemistry data to obtain a first-order estimate of the general applicability of the model. Discharge of riverwater from Guam's southern volcanic province is roughly equal to aquifer discharge from the northern carbonate province; the two provinces are about equal in size. However, most river discharge occurs along the southeast shore. Because of the high concentrations of suspended material, nutrient flux from the rivers differs substantially. Fe, Si, and NH4+ contents are several orders of magnitude higher than in aquifer waters, while P discharge is about the same and NOx is -20-fold lower (Matson 1989, 199 lb) .
The source of 'oceanic" nutrients at GuamThe NOx content of upwind ocean water that floods the reef flats averages 0.27 IAM, but drops to 0.12 PM within a kilometer of shore (Matson 199 1 b). Thus, at least half of the upwind coastal NOx must be from aquifer leakage to windward and subsequent wind-driven circulation along the shore. The NOx could not have come from upwelling because downwelling occurs alongshore when the land is to the right of the wind (in the northern hemisphere). Although it is possible that nitrification may produce new NOx to the reef, estimates of N2 fixation are orders of magnitude too low to support this (Quenga and Matson unpubl.) . Similarly, the aquifer increases the nutrient content of coastal-oceanic waters considerably. Even the lowest estimates of aquifer flux (inland well-head data) at least double the ambient concentration daily. That these levels are only sometimes observed implies that a downwind chlorophyll plume should exist at Guam. However, it may occur among the benthos.
Finally, it remains to be determined whether endo-upwelling of deep seawater through tropical atolls (Rougerie and Wauthy 1986) also accelerates the flux of enriched seawater within the deep aquifer to the coastal waters of Guam. In any case, the nutrient content of seawater near Guam is clearly due to outwelling of terrestrially enriched aquifer waters: an "island mass effect" certainly exists (Doty and Oguri 1956; Sander 198 1) . The terrestrial N cycle that loses substantial amounts to the atmosphere also supplies a significant fraction of annual coastal demand regardless of in situ turnover.
